Structure determination
Determination ot x and Z coordinates. Oomparison of hOl reflections of bustamite and wollastonite showed that the distribution and intensities of each were similar. This suggested that the projections of the structures along b are the same. The Patterson projection P(xz) of bustamite was therefore prepared. Its similarity to that of P(xz) of wollastonite confirmed that the structures are very probably the same in projection.
The structure of wollastonite 11projected along b is shown in Fig. 1 . Oar and Oa2 are superimposed in projection. On the assumption that Oa and Mn atoms in bustamite have a similar arrangement, a minimum function M2(xz) was prepared for bustamite using the equivalent of the superimposed Oar + Oa2 inversion peaks of wollastonite. In wollastonite, the Patterson projection P(xz) contains an image of the structure as seen from Oa3. The Patterson projection and M2(xz) were therefore superimposed to obtain the minimum function M4(XZ) shown in Fig. 2 .
Note that for each atom of e(xz) there is a corresponding peak of the correct relative weight in M4(XZ) of bustamite. There are four extra peaks, labelled A, B, a, and D, in M4(xz) . Three of these, A, B, A reasonable model for the structure of bustamite results from combining the above information with the fact that wollastonite and bustamite are similar in projection. Coordinates of Ca and Mn atoms and their coordinating oxygen atoms in bustamite differ from those in wollastonite in the following ways:
1. The pseudo inversion centers in wollastonite at y = 1, ! in (101) planes containing Ca become true inversion centers in bustamite.
2. The inversion centers at y = 0, -! in wollastonite become pseudoinversion centers in bustamite.
The relative arrangement of silica tetrahedra is the same in both structures except that tetrahedra in alternating sheets are displaced bỹ by the face-centering translation in bustamite.
The above arrangement of inversion centers requires that the (Ca, Mn) of bustamite, equivalent to Ca3 of wollastonite, be located on inversion centers; that is, four (Ca, Mn) atoms are still in two general positions of rank 2, and two (Ca, Mn) atoms are on centers with rank 1. This is just the distribution required for ordering of Ca and Mn atoms which was noted in the section on unit cell and space group.
Structure factors were calculated for all 1212 observed reflections using x and z parameters derived from the projection, and y parameters of wollastonite adjusted as required above. Ca and Mn atoms were assumed to be completely disordered, since at this point there was still no direct evidence for ordering. The discrepancy factor, R, was only 31 %, suggesting that the proposed structure was probably correct. 
Refinement
Refinement was carried out using SFLS Q2, a least-squares IBM 709 program using the full matrix12. For the initial refinement, formfactor curves were used for Ca and Mn assuming complete disorder, and a correction made for the average real component of anomalous dispersion. All atoms were assumed to be half ionized. All 1212 reflections were used as input to each cycle of refinement, but those reflections with (Fo -Fc)/Fc > 0.5 were rejected by the program. The weighting scheme recommended by HUGHES13 was used throughout. Isotropic temperature factors for all atoms were initially set at 0.5, a value consistent with temperature factors of other silicate structures refined in this laboratory.
The discrepancy factor R decreased to 12.3% after only three cycles, confirming the correctness of the proposed structure. For these cycles, only the scale factor and coordinates were allowed to vary. Using structure factors calculated from coordinates of cycle 3, a threedimensional difference Fourier synthesis Lie(xyz) was computed. (All three-dimensional Fourier syntheses were computed using the IBM 709/7090 program ERFR214). The only major discontinuities in the synthesis were negative or positive peaks at the positions of (Ca + Mn)
atoms. The peak heights are listed in Table 2 . Interatomic distances, also shown in The radius of Mn+2 (0.91 A) is less than that of Ca+2 (1.06A). The smaller average cation-oxygen distances of cations 1 and 3 and the larger distances of cations 2 and 4 therefore confirm the ordering indicated by the peaks of Lle(xyz). It was noted above that there is an excess of Ca over Mn in the material used for this study. The peak at the position of cation 1 in Lle(xyz) is slightly lower than that for cation 3. In addition, the average cation-oxygen distance is slightly larger for cation 1 than for cation 3. This indicates that the excess Ca substitutes for Mn preferentially in the site labelled cation 1. Three structure-factor computations were made (taking account of both the real and imaginary components of anomalous dispersion of Mn and Ca) for the following distributions of the excess Ca:
1. all excess Ca assigned to cation 1 ; 2. t excess Ca assigned to cation 1, i to cation 3;
3. all excess Ca assigned to cation 3. The R value was essentially equal for all three distributions (~9.5%) but the comparison of FObS and Feal was slightly better with the excess Ca substituting for the Mn of cation 1. Since this confirmed the conclusion reached on the basis of the peaks of Lle(xyz) and the interatomic distances, this distribution of the excess Ca was accepted as being correct.
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Refinement was continued with the Ca and Mn distribution determined above, taking full account of anomalous dispersion. The Zn, Fe and Mg reported in the analysis were considered to substitute for Mn, since these atoms are smaller than Mn.
Two more cycles (4 and 5) were executed varying only coordinates and the scale factor. The coordinates were essentially unchanged in cycle 5. Individual isotropic temperature factors were varied in cycles 6 and 7. Refinement was concluded with two cycles, in the first of which the coordinates and the scale factor were permitted to vary, and another cycle in which isotropic temperature factors were refined. Final parameters and their errors are listed in Table 3 .
Description of the bustamite structure
The electron density e(xyz) was computed using the signs of the structure factors of the final cycle of refinement. The peaks of this three-dimensional function are shown projected parallel to b in Fig. 5 . Figure 6 is an interpretation of the same projection. The similarity of the structures of bustamite and wollastonite (Fig. 1 ) has been noted above several times. The relations between these structures is discussed in another place 16.
In Fig. 6 the arrangement of oxygen atoms crudely approximates close packing, all oxygen atoms except 09 lying in sheets which are parallel to (101). Ca and Mn atoms and Si atoms alternate in layers between sheets of oxygen atoms, with Ca and Mn in octahedral coordination and Si in tetrahedral coordination. Si04 tetrahedra all share two oxygen atoms with other tetrahedra to form a chain whose repeat unit is three tetrahedra and which is oriented parallel to the b axis. The nature of the arrangement of tetrahedra is best shown in Figs. 7 and 8. Figure 7 is a projection of the structure parallel to a while Fig. 8 is a projection along c. Determination of the crystal structure of bustamite, CaMnS~06 343
Corresponding angles in wollastonite are 149°, 139°and 140°respecti-vely18. In a survey of Si-O-Si angles, LIEBAU19 found that the average for well-determined structures is about 140°. Angles greater than 150 a are uncommon and, under normal conditions, represent a relatively unstable condition. The angle Sic09-Si2 is large in both bustamite and wollastonite, but unusually so in bustamite. In addition, the isotropic temperature factor for 09 of bustamite is considerably larger (1.34) than all other temperature factors of the structure (see Table 3 ). In wollastonite, this temperature factor (0.68) is only slightly above the average for the entire structure.
